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Abstract

During austral winter the mountains of the southern Andes and Antarctic Peninsula are
a known hot spot of intense gravity wave momentum flux. There also exists a long lee-
ward region of increased gravity wave energy that sweeps eastwards from the moun-
tains out over the Southern Ocean, the source of which has historically proved difficult
to determine. In this study we use Global Positioning System (GPS) Radio Occultation
(RO) data from the Constellation Observing System for Meteorology, lonosphere and
Climate (COSMIC) satellite constellation to investigate the distribution, variability and
sources of waves in the hot spot region and over the Southern Ocean. We present
evidence that suggests a southward focusing of waves into the stratospheric jet from
sources to the north. We also describe a wavelet analysis technique for the quantita-
tive identification of individual waves from COSMIC temperature profiles. This analysis
reveals different geographical regimes of wave amplitude and short-timescale variabil-
ity in the wave field over the Southern Ocean. Finally, we take advantage of the large
numbers of closely spaced pairs of profiles from the deployment phase of the COSMIC
constellation in 2006 to make estimates of gravity wave horizontal wavelengths. We
show that, given sufficient numbers of these pairs, GPS-RO can then produce physi-
cally reasonable estimates of stratospheric gravity wave momentum flux in the hot spot
region that are consistent with other studies. The results are discussed in the context
of previous satellite and modelling studies to build up a better picture of the nature and
origins of waves in the southern winter stratosphere.

1 Introduction

Gravity waves are propagating mesoscale disturbances that transport energy and mo-
mentum in fluid environments. They are a vital component of the atmospheric system
and a key driving mechanism in the middle and lower atmosphere through drag and
diffusion processes (e.g. Fritts and Alexander, 2003, and citations therein).
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During austral winter, the Southern Hemisphere stratosphere is home to some of the
most intense gravity wave activity on Earth. At southern high-latitudes, the mountains
of the southern Andes and Antarctic Peninsula are a hot spot of stratospheric gravity
wave momentum flux (e.g. Ern et al., 2004; Alexander and Teitelbaum, 2007, 2011;
M. J. Alexander et al., 2008). Several second-order hot spots include South Georgia
(M. J. Alexander et al., 2009) and other small islands in and around the Southern
Ocean (Alexander and Grimsdell, 2013; Hoffmann et al., 2013).

Accompanying the momentum flux hot spot is a long leeward distribution of in-
creased gravity wave energy stretching eastwards from the southern Andes, Drake
Passage and Antarctic Peninsula far over the Southern Ocean. This feature has puz-
zled researchers since it was first seen in spaceborne observations. Despite more
than a decade of close observation (e.g. Wu and Waters, 1996; Wu and Jiang, 2002;
Ern et al., 2004; Hei et al., 2008; M. J. Alexander et al., 2008; S. P. Alexander et al.,
2009; Yan et al., 2010; Gong et al., 2012; Hendricks et al., 2014; Preusse et al., 2014)
its origins are still not incontestably understood. It has been suggested that gravity
waves in this region may have a number of orographic and non-orographic sources,
such as the leeward propagation of mountain waves from the southern tip of South
America and/or the northern tip of the Antarctic Peninsula (Preusse et al., 2002; Sato
et al., 2009, 2012), baroclinic instabilities from tropospheric storm systems (Hendricks
et al., 2014; Preusse et al., 2014) or spontaneous adjustment arising independently
from, or as a result of, either or both of these primary processes. It is likely that the
gravity waves observed in this region are a result of some or all of these processes
overlapping in spatial and temporal regions. However, quantitatively identifying and de-
scribing the location, magnitude and short-timescale variability of each gravity wave
source through close observation has proved exceptionally challenging. It is perhaps
for this reason that the current generation of General Circulation Models (GCMs) ex-
hibit strong disagreement in the magnitude and distribution of the flux of horizontal
psuedo-momentum (henceforth referred to as momentum flux) due to gravity waves in
the Southern Hemisphere stratosphere during austral winter compared to observations
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(Geller et al., 2013). Particularly large discrepancies are found over the mountains of
the southern Andes and Antarctic Peninsula suggesting even orographic wave drag is
not simulated consistently.

For the majority of operational GCMs used in numerical weather prediction
(NWP), many gravity waves are sub-gridscale phenomena and their effects must be
parametrized. Parametrizations vary greatly between GCMs, but tuning parameters
may for example be chosen in order to produce comparable monthly-mean zonal-mean
wind fields to observations (Geller et al., 2013) or obtain a realistic quasi-biennial os-
cillation (QBO) (e.g. Scaife et al., 2000) while remaining physically plausible. However,
a current scarcity of robust observations of key gravity wave parameters means that
these parametrizations are poorly constrained (Alexander et al., 2010). With the ad-
vent of increased computing power in recent years, high spatial resolution GCMs with-
out the need for gravity-wave parametrizations are becoming available (e.g. Watanabe
et al., 2008). Such high-resolution modelling studies are promising (e.g. Sato et al.,
2012), but discrepancies between observed and modelled parameters still remain. An
in-depth review of the current state of gravity-wave modelling is presented by Preusse
et al. (2014).

In the present study, we use Global Positioning System radio occultation (GPS-RO)
data to investigate the nature and origins of waves in the southern stratospheric gravity
wave hot spot and associated leeward distribution of enhanced gravity wave energy. In
Sect. 2, we present maps and cross-sections of gravity wave energy in the Southern
Hemisphere, with implications for oblique focussing and leeward propagation of gravity
waves into the southern stratospheric jet. In Sect. 3, we present a method for the quan-
titative identification of individual waves from GPS-RO profiles. We use this method to
investigate the geographical distribution of wave amplitudes and short-timescale vari-
ability of individual gravity waves in the wave field over the Southern Ocean. In Sect. 4,
we present a method for the estimation of gravity wave momentum flux from GPS-RO
measurements over the southern Andes and Antarctic Peninsula using pairs closely

3176

Jaded uoissnosiq

| Jadeq uoissnosiqg

Jaded uoissnosiq

Jaded uoissnosiq

©)
do

ACPD
15, 3173-3217, 2015

The southern
stratospheric gravity
wave hot spot

N. P. Hindley et al.

Title Page

Abstract Introduction

Conclusions References

Tables

Figures

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion


http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/15/3173/2015/acpd-15-3173-2015-print.pdf
http://www.atmos-chem-phys-discuss.net/15/3173/2015/acpd-15-3173-2015-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

spaced and closely timed profiles. Our results are discussed in the context of other
studies in Sect. 5, and in Sect. 6 the key results of the present study are summarised.

1.1 COSMIC GPS radio occultation

Launched in April 2006, The Constellation Observing System for Meteorology, lono-
sphere and Climate (COSMIC) mission consists of six low Earth orbit (~ 800 km) satel-
lites at ~72° inclination and 30° separation. A detailed description of the COSMIC
constellation and the radio occultation process is provided by Liou et al. (2007). Each
satellite tracks occulting GPS satellites as they rise above or set below the Earth’s hori-
zon. As the GPS signal traverses the atmospheric limb, phase delay measurements
attributable to changing vertical gradients of refractivity in the atmosphere are mea-
sured. Taking an integral along the line of sight, vertical profiles of dry temperature and
pressure can be computed at the tangent point of the occultation via an Abel inversion
(Fjeldbo et al., 1971). The dry temperature conversion breaks down in the presence
of water vapour, but works well in the stratosphere, where water vapour is negligible.
Kursinski et al. (1997) estimated a temperature retrieval accuracy of ~ 0.3K between
5-30km, while Tsuda et al. (2011) verified multiple profiles with nearby radiosonde
flights, returning discrepancies typically less than 0.5 K between 5-30 km.

In the present study we use COSMIC level 2 (version 2010.2640) post-processed dry
temperature data from launch in April 2006 to the end of 2012. The sampling density
of the COSMIC constellation in its final deployment configuration for a typical month
in the Southern Hemisphere is shown in Fig. 1. Good coverage at high latitudes and
a band of preferential sampling at around 50° S as a result of orbital geometry means
that COSMIC GPS-RO is well suited to a study of the southern gravity wave hot spot
and the surrounding area.
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1.1.1 Vertical and horizontal resolution limits

Currently, no single observational technique can study the entire gravity wave spec-
trum. Each technique is sensitive to a specific portion of the gravity wave spectrum,
referred to as its observational filter (Alexander and Barnet, 2007; Preusse et al., 2008;
Alexander et al., 2010).

The expected vertical and horizontal resolutions of GPS-RO are discussed at length
by Kursinski et al. (1997). They showed that in the stratosphere, where reasonable
spherical symmetry of the local atmosphere can be assumed, the vertical resolution
AZ of GPS-RO is primarily limited by Fresnel diffraction as

AZ ~2(AL7)2 (1)

where 1 = 19cm is the GPS L1 wavelength and L ~ 28 500 km is the distance from the
GPS satellite to the tangent point. From these values we find AZ ~ 1.4 km. The vertical
resolution of GPS-RO improves significantly below the tropopause due to the expo-
nential increase of refractivity gradient with decreasing altitude, but the combination
of sharp vertical temperature gradient changes, increased humidity and smaller wave
amplitudes make gravity wave study in this region difficult with GPS-RO via traditional
methods.

Kursinski et al. (1997) showed that the horizontal line-of-sight resolution AL of GPS-
RO could be defined as the horizontal distance travelled by the GPS ray as it enters
and exits an atmospheric layer with vertical resolution AZ. By a first order geometric
argument, AL and AZ are approximately related as

AL = 2(2RAZ)? 2)

where R is the radius of the atmosphere at the tangent point. The horizontal line-

of-sight resolution corresponding to a vertical resolution 1.4km is ~270km. Gravity

waves with 1,270 km in the line of sight are hence unlikely to be detected by GPS-RO.

However, if the line of sight is not aligned with the wave’s horizontal wavenumber vector,
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the projection of 1, in the line of sight may be longer. This means that some waves with
Ay < 270 km may be resolved. As discussed by S. P. Alexander et al. (2009), orographic
waves generated by the mountains of the southern Andes and Antarctic Peninsula
may tend to have roughly westward orientated horizontal wavenumber vectors, and the
majority of COSMIC occultations in this region tend to be preferentially aligned towards
the north—south axis. As a result, the projection of 1, in the COSMIC line of sight is
longer and the likelihood of orographic wave detection over this region is increased.

The cross-beam horizontal resolution in the stratosphere is around 1.4 km, being
only diffraction limited since horizontal refractivity gradients are generally small. This is
of importance to our momentum flux study in Sect. 4.

2 The gravity wave hot-spot and leeward region of increased Ej

In this section, we investigate the seasonal variability and distribution of potential en-
ergy per unit mass £, in the Southern Hemisphere using COSMIC GPS-RO. £, is
a fundamental property of the gravity wave field and can provide a useful proxy for
gravity wave activity.

In satellite observations, £, is often derived from temperature perturbations around
a background mean and can hence be calculated independently in each temperature
profile. To calculate £, we first interpolate each dry temperature profile 7(z) to 100m
resolution over the altitude range 0—50 km. We obtain a background temperature profile
T(z) by low-pass filtering 7(z) with a 2nd order Savitzky—Golay filter (Savitzky and
Golay, 1964) with an 18 km frame-size and compute 7 (z) — T (z) to yield a temperature
perturbation profile 7'(z).

The choice of this low-pass filter and subtraction method provides a dynamic cut-
off that generally transmits features with 1, $10km into our perturbation profile 7'(z).
Transmission of vertical wavelengths longer than ~ 10 km decreases with increasing
wavelength. A transmission function of this processing step is shown in Fig. 6 and
discussed in more detail in Sect. 3.1. It is important to note that no digital filter can
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provide a perfect cut-off in the frequency domain without introducing ringing artifacts
into the spatial domain via the Gibbs phenomenon. We select the Savitzky—Golay filter
as a reasonable trade-off between Gibbs ringing in the spatial domain and a sharp
transition into the frequency stop band.

We then use T'(z) and T (z) to compute E,(2) as

2

1/9\23(T'()

E(2) == (—) (_ > 3
=3(8) (7, (3)
where g is acceleration due to gravity and N is the local Brunt-Véisala frequency.

It is not meaningful to take E, at a single height z from a single profile since a full

wave cycle does not exist (S. P. Alexander et al., 2008). Hence, E,, is often taken as an

integral over a specified height interval when used as a proxy for gravity wave activity

(e.g. Hei et al., 2008).

Unlike previous studies such as S. P. Alexander et al. (2009), no planetary wave re-
moval techniques are applied to these data. At high latitudes, planetary waves typically
have vertical scales much longer than 10 km, hence they are generally removed by our
filtering method. Furthermore, the long leeward distribution of enhanced gravity wave
activity that we expect to see over the southern Atlantic and Indian Oceans from other
studies appears morphologically similar to an s = 1 or part of an s = 2 planetary wave
and may be suppressed by a Fourier or wavelet transform-based removal technique.
We recognise however that some low-level planetary wave features may remain in the
post-processed data.

2.1 Geographic distribution of £, in the Southern Hemisphere

Figure 2 shows E, in the Southern Hemisphere for each month in 2010 over the height

interval 26—36 km. This 10 km window generally undersamples waves with 1, > 10 km,

which further decreases the likelihood of observing planetary wave artifacts in the data.
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We observe increased levels of £, in austral winter and lower values in austral sum-
mer, consistent with other GPS-RO studies (e.g. Hei et al., 2008; S. P. Alexander et al.,
2009). Between June and November, we see in Fig. 2 a long leeward region of in-
creased £, stretching clockwise from the Southern Andes, Drake Passage and Antarc-
tic Peninsula at around 70° W to around 180° E. This long leeward region of increased
E, is consistent with studies using other limb sounders such as the Upper Atmosphere
Research Satellite Microwave Limb Sounder (UARS-MLS) (e.g. Wu and Waters, 1996),
Cryogenic Infrared Spectrometers and Telescopes for the Atmosphere (CRISTA) (e.g.
Ern et al., 2004) and the High Resolution Dynamics Limb Sounder (HIRDLS) (e.g. Yan
et al., 2010).

The magnitude and distribution of £, in Fig. 2 is also consistent with results from
a high-resolution modelling study by Sato et al. (2012) using the T213L256 “Kanto”
GCM developed by Watanabe et al. (2008). This is significant since Sato et al. (2012)
used no gravity wave parametrizations, such that all resolved waves effects were
spontaneously generated. They showed a long leeward distribution of £, at 10hPa
(~ 31km) stretching clockwise around the southern ocean from the southern An-
des and Antarctic Peninsula to around 180° W during June—October. They proposed
a downwind propagation mechanism for orographic waves from the mountains of the
southern Andes and Antarctic Peninsula, whereby a wave could be freely advected by
the component of the mean wind perpendicular to the the wave’s horizontal wavenum-
ber vector, and primarily attributed the long leeward distribution to this mechanism.

Some differences are apparent, however. Sato et al. (2012, their Fig. 2) showed max-
imum E,, directly over the mountains of the southern Andes at 10 hPa. Using data from
the Atmospheric Infrared Sounder (AIRS) instrument aboard NASA’s Aqua satellite,
Hendricks et al. (2014) also observed peak values directly over the mountains in a sim-
ilar pattern. In our results, we see some enhancement over the mountains in the height
range 26—36 km (~ 22-5 hPa) in Fig. 2, but maximum values are usually observed well
to the east. This suggests that GPS-RO is preferentially but not exclusively sensitive
to the waves in the long leeward region of increased £, out over the ocean. The ob-
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servational filter of GPS-RO hence implies these waves are likely to be low-frequency
inertia-gravity waves with relatively low vertical group velocities and long dwell times
over the measured height range, preferentially increasing their likelihood of detection.
These waves are very commonly seen in lower stratosphere observations, and can
often be found far from their sources (Fritts and Alexander, 2003).

Sato et al. (2012) also observed regions of downward energy flux. In particular they
found that, in the region immediately eastward of the southern tip of South America, up
to 10 % of the E,, distribution consisted of downward propagating waves. This suggests
that a significant portion of the £, distribution in our results may correspond to waves
that are propagating downward.

The sources of waves in the long leeward region of increased £, are currently a topic
for debate. As mentioned above, Sato et al. (2012) suggested that increased £, over
70° W-180° E could be primarily due to mountain waves from the southern Andes and
Antarctic Peninsula that have been advected downwind, but the rest of the enhance-
ment was likely the result of other mechanisms such as spontaneous adjustment. Other
studies however suggest that much of the enhancement is primarily the result of non-
orographic wave sources in and around the Southern Ocean (e.g. Hendricks et al.,
2014; Preusse et al., 2014). It is thus likely that the observed distribution of Ep is the
result of a number of orographic and non-orographic processes, each playing different
roles in different geographical regions. In the next section we use an extended altitude
range to build vertical cross-sections of stratospheric £, in the long leeward distribution
to investigate this further.

2.1.1 \Vertical distribution of E,, over the southern Andes and Antarctic Penin-
sula

An interesting result discussed by Sato et al. (2009) and presented in Sato et al. (2012)
was the apparent focusing of gravity waves into the southern stratospheric jet in the
Kanto GCM. In a meridional cross-section from 30-70° S centred on 55° W, Sato et al.
(2012, their Fig. 13) showed increased £, values in a distinct slanted vertical column
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over the southern Andes during 5 days in August. Energy flux vectors showed a large
flow of energy ~ 1500-2000 km southward over the height region 100 hPa (~ 16 km) to
1 hPa (~ 48 km). The flow appeared to focus towards the centre of the jet, where mean
zonal winds were strongest.

In our Fig. 3, we select a thin meridional cross-section of normalised monthly-mean
COSMIC E,, for August 2010 centred on 65° W. This is close to the cross-section used
by Sato et al. (2012). Since gravity wave amplitudes often increase with height, each
height level in Fig. 3 has been normalised in order to highlight the vertical structure.
Although temperature profiles from COSMIC typically exhibit increased noise above
around 40 km, this normalisation and the increased number of measurements in the
month-long time window potentially allow us to resolve large persistent features at
higher altitudes, albeit with caution.

A slanted vertical column of increased £, in the height region 22-35km and a near
vertical column from 35-50km is evident in Fig. 3. The lower section of the column
traverses nearly 1500 km southward over the height region 22—-35km. This suggests
a clear focusing effect similar to the one suggested by Sato et al. (2012), although we
cannot recover energy flux information from COSMIC. The gradient of this southward
slant is greatest when the horizontal gradient in zonal wind strength is greatest, such
that waves appear to be focused into the centre of the stratospheric jet. This observa-
tion is consistent with meridional ray-tracing analyses in the Kanto model (Watanabe
et al., 2008; Sato et al., 2009, 2012). Above ~ 35 km however, the horizontal gradient
in zonal mean wind strength is low and waves appear to generally propagate upward
without further latitudinal drift.

This result suggests that waves observed at around 30—-40 km over the southern tip
of South America and the Drake Passage may have sources further north. In a ray-
tracing analysis, Sato et al. (2012, their Fig. 5) showed that zero ground-based phase
velocity waves with 1;; = 300 km launched from the southern Andes could propagate
eastward and southward by up to around 2500 and 1000 km respectively in an ideal-
ized background zonal wind field. They found that waves launched from north of 45° S
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did not propagate upward due the mean wind being too weak. Our results suggest that
such waves may indeed propagate from sources north of 45° S, since the slanted col-
umn in Fig. 3 is observed all the way down to 22 km over 30-45° S. This could imply
that there are significant time periods where the tropospheric zonal winds are strong
enough to allow vertical propagation of mountain waves from these sources.

Sato et al. (2012) also suggested that a symmetric northward focusing effect may
occur for orographic waves from the Antarctic Peninsula. We investigated this using
COSMIC data (not shown) and although a very slight suggestion of this effect may be
evident, we could find no such clear behaviour as is observed over the southern Andes.

2.1.2 Vertical distribution of E, over the Southern Ocean

We also investigate the vertical distribution of wave energies over the Southern Ocean.
Figure 4 shows normalised £, in a zonal cross-section centred on 50° S during Au-
gust 2010. As in Fig. 3, £, is normalised at each height level in order to highlight the
vertical structure.

The vertical column of increased £, located around 70° W in Fig. 4 is the projection in
the zonal domain of the vertical column evident in Fig. 3. This column is highly sugges-
tive of intense localised mountain wave activity from the southern Andes. The relative
intensity of this column at lower altitudes suggests that, within the observational filter
of COSMIC, the southern Andes is the dominant source of orographic wave activity in
this latitude band. If small mountainous islands in the Southern Ocean are also signif-
icant orographic sources, as has been suggested in recent studies (M. J. Alexander
et al., 2009; McLandress et al., 2012; Alexander and Grimsdell, 2013), then it is likely
that waves from these islands either (1) fall outside the observation filter of GPS-RO;
(2) have small amplitudes; or (3) are too intermittent over monthly time-scales to be
revealed in our analysis.

The column at 70° W appears to persist over the full height range in Fig. 4. However,
between 25-35km the largest values are observed well eastward, between 60° E—
60° W. These peaks are located in a deep region of increased E, between 20-40km
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and 30° W-90° E, which is the projection in the vertical domain of the long leeward
region of increased £, seen in Fig. 2.

At first glance, Fig. 4 suggests that this long leeward region of increased Ej is
strongly associated with mountain waves from the southern Andes and Antarctic Penin-
sula region. The lack of significant gravity wave energies upwind (westward) of the
mountains and the intensity of energies downwind (eastward) is clear. As suggested
by Sato et al. (2012), the increased £, may be the result of primary mountain waves
from the southern Andes and Antarctic Peninsula that have been advected downwind.
However, Sato et al. (2012) also showed that waves with 1;; < 350 km rarely travelled
further east than the prime meridian via this mechanism, even under ideal conditions.
This suggests that it is orographic waves with 1;,2350 km that contribute to the region
of increased E, eastwards of the prime meridian via this advection mechanism.

It is also possible that primary orographic waves from the southern Andes and
Antarctic Peninsula may contribute to the long leeward region of increased £, then
through secondary mechanisms, such as the local generation of waves in and around
the stratospheric jet through breaking or other wave-mean flow interaction. The ab-
sence of significantly increased energy downwind of the Andes below 20 km in Fig. 4
indeed suggests that many of the waves present in this long leeward region of in-
creased E, above 20 km between 40-60° S may have been generated locally. We sus-
pect therefore that the leeward region of increased £, over 70°W-60°E in Fig. 4 is
likely dominated by (1) primary orographic waves with 1,; > 350 km from the southern
Andes or Antarctic Peninsula that have been advected downwind; and (2) and sec-
ondary waves with non-zero phase speeds generated in the breaking zones of these
primary orographic waves (Bacmeister and Schoeberl, 1989). These results do not
however preclude the existence of other non-orographic sources in the region, as will
be discussed in Sect. 5.
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3 Individual waves

The long leeward region of increased E, observed over the southern Atlantic and In-
dian Oceans is a persistent feature each year during austral winter, though some inter-
annual variability exists. Multiple year averages are one way to learn about dominant
processes in a region, but in order to investigate properties of a specific wave field,
such as vertical wavelength or wave amplitude, a key question must first be answered:
is a wave present? Once this has been answered, it becomes possible to investigate
the distribution and species of individual gravity waves in a geographical region.

3.1 Wave identification (Wave-ID) methodology

This section describes the processing chain for identifying individual gravity waves from
COSMIC GPS-RO temperature profiles, which is illustrated in Fig. 5. We begin by ex-
tracting temperature perturbations 7'(z) from each profile (Fig. 5a) as described in
Sect. 2. Features with vertical scales less than ~ 2km cannot be reliably disassoci-
ated with noise in GPS-RO temperature profiles (Marquardt and Healy, 2005). Hence,
as a noise-reduction step, we apply a 2nd order Savitzky—Golay low-pass filter with
a 3km frame size to suppress these small-scale features. Note that this step has virtu-
ally no effect on vertical wavelengths greater than ~ 4 km. The transmission function of
each step in this analysis is shown in Fig. 6.

Next we window the profile with a Gaussian of Full Width at Half Maximum (FWHM)
22 km centred at a height of 30 km (Fig. 5b). The purpose of this step is to focus on the
height range of the profile most appropriate for gravity wave study using COSMIC GPS-
RO data. This height range is chosen to generally correspond to the largest vertical
region where (1) the error in bending angle is low; (2) we are unlikely to encounter
spurious temperature perturbation anomalies due to incomplete background removal
around the tropopause; and (3) retrieval errors associated with ionospheric effects are
low (see Tsuda et al., 2011). This corresponds to a region typically between 20—40 km.
The choice of a Gaussian window minimises edge effects that may arise in subsequent
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spectral analysis. We then normalise this windowed profile such that the root-sum-
square is equal to 1 (Fig. 5¢).

Next, we compute the Continuous Wavelet Transform (CWT) of the normalised pro-
file. To retain phase information, we use an 8th order complex Gaussian wavelet for
the transform. Figure 5d shows squared absolute spectral amplitude of the cospec-
trum |C(z,1,)%.

As a result of the normalisation, the coefficients of |C(MZ)|2 in Fig. 5d can be assigned
a more physical meaning. Each value represents the fractional “energy” of the profile
“captured” by each wavelet at each height. Note that the term “energy” is defined as
the sum-square of the values of the windowed perturbation profile and does not take
any other physical meaning here. The squared absolute spectral amplitude |C(z,/1z)|2
is hence a confidence metric as a function of z and 1, that represents how wave-like
the transformed profile was at each height z for each vertical wavelength 1,. High
(low) values of this confidence metric imply the presence (absence) of clear wave-like
features in the windowed profile. We record the maximum squared absolute spectral

amplitude C,,,,x = max <|C(z,,1 z)|2) located at the spectral peak.

To positively identify a wave, we require that C,,,, exceeds a threshold value of 0.36.
This choice is somewhat arbitrary, but it roughly corresponds to a wavelet “capturing” at
least 60 % of the root-sum-squared “energy” of the profile. If this condition is satisfied,
the identification is positive and we record the vertical wavelength 1., and altitude
Zpeak At Crax- As a result of the Gaussian windowing, Z,., is almost always located
within one wavelength 1., of 30 km altitude, hence it is reasonable to consider this
analysis method as sensitive to gravity waves at a height of around 30 km.

In the example in Fig. 5d, C,,x ~ 0.41 such that a wave with 1, ~ 7 km is positively
identified at an altitude near 30 km. Direct information regarding the wave’s amplitude
T' is lost as a result of the CWT, so to obtain an estimate of 7' we find the maximum
amplitude of the temperature perturbation profile 7'(z) over the height region Zpeak £

Apeak/2. In the example in Fig. 5b, 7' ~ 2.3K.
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To summarise our requirements for a positive wave identification, we require that the
wave (1) has an amplitude 1K< 7' < 10K; (2) has a vertical wavelength 2km < 4, <
20km; (3) is located such that 20km < z,¢, < 40km; and (4) has a confidence metric
Cmax > 0.36 as described above.

Using these criteria, we find that around 25-40 % of profiles contain an indentifiable
gravity wave signal, depending on location and season. This wave identification method
will be henceforth described as the Wave-ID method for convenience.

We note that this method preferentially selects profiles that contain a single large
amplitude monochromatic wave with low levels of disassociated noise. A superposition
of two waves of equal amplitude may result in neither being identified due to the confi-
dence metric described above. This may also affect our amplitude estimation. However,
due to phase ambiguity it is equally likely that the amplitude will increase or decrease
as a result of any superposition. Hence if a sufficient number of profiles are measured,
this effect should average out. Wright and Gille (2013) showed that in the Southern
Hemisphere during austral winter, and particularly in the vicinity of the southern An-
des and Antarctic Peninsula, there were typically fewer overlapping waves than any
other geographical region. Hence, wave identification problems associated with wave
superposition are likely minimised in our geographical region of interest.

The choices we have made in our Wave-ID processing will also affect the range of
vertical wavelengths we detect. Figure 6 shows transmission curves as a function of
wavelength for each processing step in the Wave-ID method. As shown by the net
transmission curve (black solid) in Fig. 6, the combined analysis method is generally
sensitive to gravity waves with 4km < 1, < 12km, with a sharp cut-off below 4 km and
a more gradual cut-off above 12 km.

The histogram in Fig. 6 shows vertical wavelengths of gravity waves identified by this
method in the region 35-75° S and 0-90° W during June—August 2006—2012. The dis-
tribution of observed vertical wavelengths generally follows the net transmission curve
of synthetic waves, with peak observations at 7km < 1 < 9km.
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A primary limitation of the Wave-ID method is the limited vertical window, which lim-
its maximum resolvable vertical wavelength. This is due to the limited vertical extent
of the high-accuracy temperature retrieval of COSMIC GPS-RO. Extending the region
upwards would reduce confidence in any resolved waves due to increased noise in
measurements above z ~ 38km (Tsuda et al., 2011). If we extend the region down
much further, sharp gradients in temperature around the tropopause risk introducing
spurious artifacts via traditional filtering methods (Alexander et al., 2011). Furthermore,
decreasing wave amplitudes with increasing pressure in addition to the presence of
water vapour makes gravity wave study below the tropopause difficult via GPS-RO. Fu-
ture work may involve (1) optimising this vertical window so as to resolve the maximum
possible range of vertical wavelengths; (2) investigating the optimum threshold value
above which to consider a wave identification as positive; and (3) employing methods
to identify overlapping waves as described by Wright and Gille (2013).

3.2 Wave identification results

In Fig. 7a we present a multi-year composite plot of £, for June—August 2006-2012 at
30 km over the Southern Hemisphere. In this analysis, we take the mean E, from all
available profiles, including those where no significant waves are present. In Fig. 7b
we produce another composite plot of £, but calculated using only waves identified
via the Wave-ID method described above. In other words, Fig. 7a is a time-averaged
climatology of £, in the region whereas Fig. 7b is the mean £, of the waves themselves.

An initial observation is that much higher £, values are apparent in Fig. 7b than in
Fig. 7a. This is expected, since mean £ values in Fig. 7b are skewed by the exclusion
of profiles that did not contain a wave.

The same long leeward region of increased E,, sweeping around Antarctica is present
in both panels of Fig. 7. The largest values in both panels are generally observed just
east of the southern tip of South America and the Antarctic Peninsula, decreasing east-
ward and reaching a minimum just west of the Drake Passage. However, the Wave-ID
method used in Fig. 7b reveals a number of differences. Firstly, the peak of the dis-
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tribution of £, in Fig. 7b resides much closer to the mountains of the southern Andes
and Antarctic Peninsula. The westward shift of this peak implies that waves close to
the southern Andes and Antarctic Peninsula have large amplitudes, but they are more
intermittent, since this peak is diminished in the average of all available profiles. Fur-
thermore, this peak shifts westward but the rest of the distribution remains broadly co-
located with the results in Fig. 7a, which suggests that the region immediately east of
the southern Andes and Antarctic Peninsula is more intermittent than the rest of the dis-
tribution. This is consistent with the hypothesis that this region is dominated by waves
from orographic sources, which have been shown to be generally more intermittent that
non-orographic sources in this region (Hertzog et al., 2008, 2012; Plougonven et al.,
2013; Wright et al., 2013). A small enhancement is also evident at around 160° E 65° S
that may be suggestive of a contribution from orographic waves from the Transantarctic
Mountains.

To further investigate the nature of the wave field in this long leeward region of in-
creased Ep, we divide the latitude band 40-65°S into six longitudinal Sectors A—F,
and examine the population of waves in each sector. Sector C contains the moun-
tains of southern Andes, Antarctic Peninsula and South Georgia. Sector B is oceanic
and upwind (westward) of these mountains. Sector D is also oceanic but immediately
downwind (eastward) of the mountains. Sectors A, E and F are predominantly oceanic.
Figure 9 presents histograms of individual wave amplitudes identified using the Wave-
ID method in each of these six sectors during June—August 2006—2012. Note that these
waves are the same used to produce the £, distribution in Fig. 7b.

At first glance, the histograms of wave amplitudes in each sector in Fig. 9 appear
broadly similar. Approximately 20 000 waves are identified in each sector and the modal
amplitude is between 2-3 K. Upon closer inspection however, some important differ-
ences become apparent.

Despite containing around 4.5 and 12 % fewer profiles than Sector B respectively,
Sectors C and D contain around 13 and 6 % more identified waves respectively. This
indicates that the sectors containing and immediately downwind of the southern Andes
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and Antarctic Peninsula (C, D) contain significantly more identifiable waves than sec-
tors immediately upwind. Furthermore, Sector B has the highest number of available
profiles, yet the lowest number of identified waves of any sector.

We next investigate the relative distribution of wave amplitudes in each sector com-
pared to the zonal mean to highlight any longitudinal variation in wave amplitude pop-
ulations. The rightmost panel in Fig. 9 shows the difference between the histogram in
each sector and the zonal mean histogram of wave amplitudes. The curves in this panel
indicate that the sectors containing and downwind of the southern Andes and Antarctic
Peninsula (C, D) contain significantly more large amplitude (3 < 7' < 8 K) waves and
fewer small amplitude waves (T’ < 2.5K) than the zonal mean, whereas upwind Sec-
tors A, B and F contain fewer large amplitude waves and more small amplitude waves.

Three interesting conclusions are indicated by this analysis. Firstly, the geographical
region downwind (eastward) of the mountains of the southern Andes and Antarctic
Peninsula up to around 40° E contains significantly more identifiable gravity waves than
a region of equal size upwind (westward) of the mountains.

Secondly, this downwind region contains significantly more large amplitude waves
with 3 > T’ < 8K than the corresponding upwind region, though these large amplitude
waves are still relatively rare. Since E,, o (T')z, it is likely that the structured distribution
of E, in Fig. 7b is hence the result of an increased number of large amplitude moun-
tain waves immediately downwind of the southern Andes and Antarctic Peninsula. In
a recent study involving balloon, satellite and mesoscale numerical simulations above
Antarctica and the Southern Ocean, Hertzog et al. (2012) showed that rare, large am-
plitude waves are not only more commonly observed above mountains in this region
but that these events represent the main contribution to the total stratospheric momen-
tum flux during the winter regime of the stratospheric circulation. Hertzog et al. (2012)
also showed that gravity waves populations over open ocean tend to follow a more log-
normal distribution with fewer rare, large amplitude events. Our results reinforce the
findings of Hertzog et al. (2012).
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Thirdly, and perhaps most interestingly, differences in the number of identified waves
and the relative distribution of wave amplitudes between sectors are significant, but
relatively small in absolute terms. In general, each sector has strikingly similar distribu-
tions of wave amplitudes and total numbers of identified waves. This zonal uniformity
in the distributions of wave amplitudes may be suggestive of strong, zonally uniform
source mechanisms for gravity waves in all sectors, such as spontaneous adjustment
or jet instability around the edge of the southern stratospheric jet. This is discussed
further in Sect. 5.

4 Gravity wave momentum fluxes during JJA 2006 using COSMIC profile pairs

Gravity wave momentum flux is one of the key parameters characterising the effects of
gravity waves in the atmosphere. This is of vital importance to the gravity wave mod-
elling community, but typically difficult to obtain from observations (Fritts and Alexander,
2003; Alexander et al., 2010). Ern et al. (2004) showed that an approximation to the
absolute value of momentum flux can be inferred from satellite observations of a gravity
wave’s amplitude 7' and horizontal and vertical wavenumbers k,, and m. In the case
of limb-sounding instruments such as HIRDLS and CRISTA, 7’ and m can be obtained
directly from a single vertical temperature profile, while k, can estimated using the
phase shift between adjacent profiles (Ern et al., 2004; M. J. Alexander et al., 2008).
However, such k, estimation methods have not routinely been applied to COSMIC,
due to typically large inter-profile spacing. The scarcity of multiple profiles that are both
closely spaced and closely timed with near-parallel lines of sight limits the accurate es-
timation of k4 in this way. Wang and Alexander (2010) investigated the use of 3 or more
COSMIC profiles to make estimates of zonal and meridional horizontal wavenumbers
k and /. However, as discussed by Faber et al. (2013), limitations in sampling density,
aliasing and differing lines of sight restrict their approach being used in the general
case.
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Here we investigate an alternative approach for estimation of k, from COSMIC GPS-
RO data using a modified form of the method described by M. J. Alexander et al. (2008).
We take advantage of the deployment phase of the COSMIC constellation, when pairs
of satellites were often physically close (Liou et al., 2007). During this phase, a single
occulting GPS satellite was often tracked by a close pair of COSMIC satellites, resulting
in a significant number pairs of profiles that were closely spaced and closely timed,
with near-parallel lines of sight. These particular profile pairs permit the use of a ky
estimation method and subsequently an estimation of gravity wave momentum flux. In
this section, we use this method to make estimates of gravity wave momentum flux from
COSMIC GPS-RO during June—August 2006 over the southern Andes, Drake Passage
and Antarctic Peninsula.

4.1 Profile pair selection and processing

First, we identify profile pairs during June—August 2006 that are closely spaced, closely
timed and have near-parallel lines of sight. We require that the two profiles must (1) be
horizontally separated by less than 300 km at a height of 30 km; (2) be separated in time
by less than 15min; and (3) have lines of sight aligned within 30° of each other. The
line of sight requirement is important since the observational filter of GPS-RO requires
that waves must have 1,2270 km in the line of sight. If the two viewing angles differ by
a large amount, we may not resolve the same wave in both profiles. Finally, we require
that a clear wave-like signal of approximately the same vertical wavelength (+£1.5km)
is identified in both profiles using the Wave-ID method described in Sect. 3.1.

In practise, we find that the majority of profile pairs during June—August 2006 have
horizontal separations of 10-20 km, time separations of less than a minute and lines-
of-sight separated by less than 1°. Hence requirements (1), (2) and (3) are usually sat-
isfied. The requirement that both profiles contain the same wave-like signal reduces the
number of available pairs from ~ 21000 to ~ 7000 globally during June—August 2006.
Of these, around 900 lie in our geographical region of interest.
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To estimate k4, in each profile pair, we follow a modified form of the method described
by M. J. Alexander et al. (2008). We first apply a Gaussian window of FWHM = 22 km
centred at 30 km altitude as described in Sect. 3.1. We next compute the CWT of each
profile. The resulting transform T(z,/lz) is a complex valued function of altitude z and
vertical wavelength 1. For the two profiles a and b, the cospectrum C, , is computed
as

Ca,b = fa = 7:ej:bemd)a’b (4)

b
where T is the magnitude and Ag, , is the phase difference between the two profiles
for each A at each position z. The covariance spectrum is the absolute value |C, ,|. We
locate the maximum in the covariance spectrum C,,, in the height region 20-40 km,
for vertical wavelengths less than 18 km. The location of C,,, in the covariance spec-
trum corresponds to the dominant vertical wavelength 155, common to both profiles at
altitude zpoy- We then compute the phase difference between the two profiles Ag, 4,
as

Im(ca,b)> 5)

A, , = arctan (—
b Re(C,»)

where Re(C, ,) and Im(C, ;) are the real and imaginary coefficients of the covariance
spectrum C, ,. We record the value of A, ;, at Cp,y.

We then compute the projection of the horizontal wavenumber k; along the horizon-
tal axis joining the two profiles a and b as

_ Ad)a,b
H= Arg,

(6)
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where Ar, ;, is the horizontal separation of profiles a and b at around 30 km altitude.
We then compute 1, = 2m/k,,. This projected value of 1 is typically longer than the
true horizontal wavelength, and hence represents an upper-bound estimate (Ern et al.,
2004).

To obtain an estimate of wave amplitude 7', we find the maximum amplitude in each
original perturbation profile a and b over the height region zpom £ Aponm/2, and take the
mean.

Finally we compute an estimate of the absolute value of momentum flux My, as

_pAzg\3(T 2
Mflux‘EE(ﬁ) (?) (7)

where p is local atmospheric density, g is acceleration due to gravity and N
is the Brunt-Vaisala (buoyancy) frequency. Here, since 15 is an upper-bound es-
timate, Eq. (7) represents a lower-bound estimate of gravity wave momentum flux
(M. J. Alexander et al., 2008).

4.2 COSMIC momentum flux results

Figure 10 shows gravity wave vertical wavelengths, horizontal wavelengths and mo-
mentum flux from our COSMIC pair analysis over the southern Andes, Drake Pas-
sage and Antarctic Peninsula during June—August 2006. Also shown are coincident re-
sults from HIRDLS, using the Stockwell Transform (S-Transform Stockwell et al., 1996)
method described by M. J. Alexander et al. (2008) modified by Wright and Gille (2013).
COSMIC and HIRDLS are sensitive to different but overlapping parts of the gravity-
wave spectrum, so we provide results from HIRDLS as a comparison.

In Fig. 10a, our COSMIC analysis shows longer mean vertical wavelengths over the
southern tip of South America extending south over the Drake Passage. This south-
ward extension out over the Drake Passage is in good agreement with a case study of
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a large mountain wave event in the region by Alexander and Teitelbaum (2011), though
they inferred longer vertical wavelengths due to the deep vertical weighting function
of the AIRS instrument and the assumption of zero ground-based phase velocities.
This region of longer vertical wavelength also extends further south over the Antarctic
Peninsula.

The corresponding HIRDLS analysis in Fig. 10d shows typically longer 1, values
overall, likely due to the increased sensitivity of HIRDLS to waves with long 1, as a re-
sult of the larger usable height range in HIRDLS profiles. Like our COSMIC analysis,
Fig. 10d also shows longer mean vertical wavelengths over the southern tip of South
America. However, a region of longer vertical wavelengths is also evident between
80-100° W that is not seen in our COSMIC analysis. We do not fully understand the
reasons for this, but we suspect that it may be due to differing vertical wavelength sen-
sitivities of HIRDLS and COSMIC. A full investigation into the distributions of vertical
wavelengths from the HIRDLS S-Transform analysis is however beyond the scope of
this study.

The results of our 1 analysis from COSMIC profile-pairs is presented in Fig. 10b.
We mostly observe values of around 600—-800 km, but no structured geographical pat-
tern is evident. We suspect this distribution may be due to the viewing geometry of
GPS-RO technique, more specifically the orientation of the horizontal axis joining the
two profiles in each profile pair, which can vary significantly between pairs. Since the
measured horizontal wavelength is the projection of the true 1, along the axis be-
tween the two profiles, it is a upper-bound estimate heavily dependent the orientation
of this horizontal axis. Even in a region where the wave field has a preferential hori-
zontal alignment we will still recover a range of horizontal wavelength estimates due
to differing orientations. HIRDLS scan-tracks are more consistently aligned ~ NW-SE
or ~NE-SW across this region, and hence estimates of 1, between adjacent HIRDLS
profiles will be more consistent, but not necessarily more accurate. This is likely the
reason that the more structured geographical distribution of 1, shown in HIRDLS re-

3196

Jaded uoissnosiq

| Jadeq uoissnosiqg

Jaded uoissnosiq

Jaded uoissnosiq

©)
do

ACPD
15, 3173-3217, 2015

The southern
stratospheric gravity
wave hot spot

N. P. Hindley et al.

Title Page

Abstract Introduction

Conclusions References

Tables

Figures

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion


http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/15/3173/2015/acpd-15-3173-2015-print.pdf
http://www.atmos-chem-phys-discuss.net/15/3173/2015/acpd-15-3173-2015-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

25

sults, where shorter horizontal wavelengths are observed generally south and east of
the southern tip of South America, is not observed by COSMIC.

The absolute values of our 1, analysis are however physically reasonable and in
good agreement with other studies such as Ern et al. (2004). However, our COSMIC
profile-pairs typically have smaller horizontal separation (~ 20 km) between adjacent
profiles than HIRDLS (~ 80km). This means that any large positive error in phase
difference Ag, , between COSMIC pairs will bias our results towards shorter 1,, by the
relation in Eq. (6). We suspect that this may be the reason we observe slightly lower
absolute horizontal wavelength values in our COSMIC analysis than in HIRDLS. The
results are not contradictory however, since both estimates represent an upper-bound.

Figure 10c shows the results of our COSMIC momentum flux analysis. Two local
maxima of order 102 Pa are observed over the southern tip of South America and the
Antarctic Peninsula. This increased flux over the southern tip of South America is in
good agreement with results from CRISTA (Ern et al., 2004) and HIRDLS (M. J. Alexan-
der et al., 2008) and the maximum over the Antarctic Peninsula is in good agreement
with results from the Vorcore superpressure balloon campaign presented in Hertzog
et al. (2008). Hertzog et al. (2008) showed that most of the momentum flux in the maxi-
mum over the Antarctic Peninsula was in a westward direction, suggestive of orographic
gravity waves propagating against the mean stratospheric flow. Increased momentum
flux is also observed to the east of the two maxima, suggestive of significant wakes of
associated gravity wave flux downwind from these sources.

The HIRDLS analysis Fig. 10f shows a maximum over the southern tip of South
America, consistent in location and magnitude with our COSMIC results. HIRDLS es-
timates of gravity wave momentum flux are slightly higher, but this is to be expected
since HIRDLS generally resolves waves with longer 1,. The COSMIC analysis is able
to identify a secondary maximum over the Antarctic Peninsula which is not observed
by HIRDLS due to the lack of measurements poleward of 62° S.

These momentum flux measurements reaffirm that the southern Andes and Antarc-
tic Peninsula are intense and persistent sources of gravity wave momentum flux dur-
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ing austral winter. Perhaps more importantly however, our results demonstrate that,
given sufficient sampling density, COSMIC GPS-RO can provide physically reason-
able estimates of stratospheric gravity-wave momentum flux that are consistent with
results from HIRDLS, CRISTA and Vorcore. The final configuration of the COSMIC
constellation however restricts the number of suitable profile-pairs such that regional
climatological studies of gravity wave momentum flux using our method are generally
limited to the deployment phase in 2006. However, as discussed in Sect. 5, dramati-
cally increased sampling density provided by upcoming radio occultation missions may
provide an opportunity to apply this method on a global scale in coming years.

5 Discussion

During austral winter in the Southern Hemisphere, the mountains of the southern An-
des and Antarctic Peninsula are a known hot spot of gravity wave fluxes (e.g. Alexander
and Teitelbaum, 2007, 2011; Hoffmann et al., 2013). However, the origin of the long
leeward distribution of enhanced gravity wave energy stretching eastwards far over the
ocean is currently a topic for debate.

As discussed in Sect. 2.1.2, Sato et al. (2012) suggested that waves from the moun-
tains of the southern tip of South America and northern tip of the Antarctic Penin-
sula can propagate significantly downwind if their horizontal wavenumber vectors are
aligned at an acute angle to the mean stratospheric flow. However, using a ray-tracing
analysis Sato et al. (2012) also showed that for horizontal wavelengths of 250—-350 km
such waves rarely propagate east of the prime meridian, regardless of launch angle.
Hence, the distribution of increased £, shown here eastwards of around 20° E is not
likely to be explained by the downwind propagation of waves with 1, less than approxi-
mately 350 km. This suggests that the distribution of increased E, eastwards of around
20° E may be the result of (1) downwind propagating mountain waves with A, > 350 km;
(2) locally generated non-orographic waves from tropospheric or stratospheric sources
out over the ocean; or (3) some combination of these processes.
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Preusse et al. (2014) used backwards ray-tracing of resolved waves in ECMWF
data to show that during August 2008, waves over the southern Andes and Antarc-
tic Peninsula overwhelmingly had lowest traceable altitude (LTA) values close to the
surface, whereas waves over the southern Atlantic and Indian oceans often had av-
erage LTA values around 7-12km. Their results are indicative of upper-tropospheric
non-orographic wave sources that exist out over the oceans. Similarly, Hendricks et al.
(2014) suggested that a belt of increased stratospheric gravity wave activity observed
by AIRS could be attributed to non-orographic sources in winter storm tracks around
the southern Atlantic and Indian Oceans. Our results presented in Figs. 3 and 4 are
not strongly suggestive of intense tropospheric non-orographic wave sources over the
oceans, although these results do not explicitly preclude the existence of such sources.
Furthermore, the waves considered by Preusse et al. (2014) are typically below the
height region considered in this study, and the waves observed by Hendricks et al.
(2014) are not typically visible to GPS-RO. We note, however, that the processes they
describe may indeed have an influence on the distribution of £, that we observe in
COSMIC data.

In Sect. 2.1.1 we presented evidence of a southward focussing of gravity waves
into the centre of the stratospheric jet. In a recent modelling study, McLandress et al.
(2012) showed that zonal wind biases and vortex breakdown timing errors in a latitude
band near 60° S could be greatly reduced in the Canadian Middle Atmosphere Model
(CMAM) through the inclusion of non-specific orographic gravity wave drag (GWD) in
the stratosphere. One hypotheses for the missing drag is unparametrized mountain
waves from small islands in and around the Southern Ocean that are sub-gridscale in
CMAM. A second hypothesis is the southward (northward) propagation of orographic
waves from the north (south) into the southern stratospheric jet from outside the lati-
tude band. Our results provide evidence of such meridional propagation. In particular,
we observe a southward focusing of waves in Fig. 3 into the jet around 60°W from
sources further north, supporting the second hypothesis of McLandress et al. (2012)
described above. It is conceivable that there exists a similar process whereby waves
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from the Antarctic Peninsula are focussed northwards into the jet, though we are unable
to find such clear evidence for this in our results. Observational evidence of any merid-
ional focusing is significant since many parametrization schemes used operationally in
GCMs do not include such focussing phenomena (Preusse et al., 2014).

In Sect. 3 we investigated longitudinal variations in wave populations in the long lee-
ward region of increased £, during June—August 2006—-2012. In regions immediately
downwind of the southern Andes and Antarctic Peninsula we observe significantly more
rare, large amplitude waves than in upwind regions, while only a slight increase in the
absolute number of waves is observed. Further analysis (omitted for brevity) showed
that exclusion of these large amplitude waves resulted in a much more zonally uniform
distribution of mean wave energy around over the Southern Ocean. This suggests that
the increased E,, observed immediately downwind of the mountains in Fig. 7b is the
result of increased numbers of rare, large amplitude wave events in this downwind re-
gion and not simply the result of more waves in general. As discussed in Sect. 3.2,
this is consistent with the results of a super-pressure balloon and modelling study by
Hertzog et al. (2012). The eastward decrease in £, values in Fig. 7b correlates well to
the eastward decrease of the frequency of occurrence of these rare, large amplitudes
waves.

However, the general distributions of gravity wave amplitudes at all longitudes in the
latitude band 40-65° S are broadly similar. This may be indicative of persistent, zonally
uniform non-orographic source mechanisms in and around the stratospheric jet. Inertia-
gravity waves, to which GPS-RO is preferentially sensitive, can often be generated at
the edge of jet streams via spontaneous adjustment processes (Fritts and Alexander,
2003). Hence, a significant contribution to the long leeward region of increased £, in
Fig. 7b may be from gravity waves generated via these adjustment mechanisms.

In the context of other studies, our results therefore suggest that the long leeward re-
gion of increased E,, consists of (1) rare, large amplitude waves over 80° W—40° E from
orographic sources such as the southern Andes and Antarctic Peninsula that have
been focussed and advected downwind; (2) secondary waves generated locally in the
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breaking region of these primary orographic waves; and (3) a zonally uniform distribu-
tion of small amplitude waves from non-orographic mechanisms such as spontaneous
adjustment and jet instability around the edge of the stratospheric jet. A contribution
from tropospheric non-orographic waves associated with storms around the southern
Atlantic and Indian Oceans may also be present.

Finally, we described a method for the estimation of stratospheric gravity wave mo-
mentum flux from COSMIC GPS-RO. To our knowledge, there are very few studies that
have successfully developed methodologies for gravity wave momentum flux estimates
from GPS-RO data (e.g. Wang and Alexander, 2010). Our results demonstrate that,
given sufficient sampling density, COSMIC GPS-RO can produce physically reason-
able estimates of stratospheric gravity wave momentum flux over the southern Andes
and Antarctic Peninsula that are consistent with results from CRISTA, HIRDLS and
Vorcore (Ern et al., 2004; M. J. Alexander et al., 2008; Hertzog et al., 2008).

The method presented here is mostly limited to the deployment phase of the COS-
MIC constellation only, since the number of profile-pairs that satisfy the requirements
outlined in Sect. 4.1 is very low once the satellites reached their final configuration.

However, GPS-RO is an expanding technique, with new missions scheduled for
launch in the next decade. The 12-satellite COSMIC-2 constellation (Cook et al., 2013)
will boast more than 8000 soundings per day, measuring the occultations of satellites
from the European navigation satellite system GALILEO and the Russian Global Nav-
igation Satellite System (GLONASS), in addition to the American GPS satellite con-
stellation. COSMIC-2 will feature two deployment phases from which large numbers of
closely spaced profile-pairs can be expected. Furthermore, the number of profile-pairs
available from their final configuration is likely to increase significantly and there will be
increased coverage in the tropics as a result of 6 low-inclination (24°) satellites.

3201

Jaded uoissnosiq

| Jadeq uoissnosiqg

Jaded uoissnosiq

Jaded uoissnosiq

©)
do

ACPD
15, 3173-3217, 2015

The southern
stratospheric gravity
wave hot spot

N. P. Hindley et al.

Title Page

Abstract Introduction

Conclusions References

Tables

Figures

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion


http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/15/3173/2015/acpd-15-3173-2015-print.pdf
http://www.atmos-chem-phys-discuss.net/15/3173/2015/acpd-15-3173-2015-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

25

6 Summary

In the present study we use dry atmospheric temperature profiles from COSMIC GPS-
RO to investigate gravity wave activity in the southern stratospheric hot spot around the
southern Andes and Antarctic Peninsula. We also investigate the long leeward region
of increased E,, stretching out over the southern oceans during austral winter. In the
hot spot region, we present evidence that indicates a southward focusing of orographic
gravity waves into the strong winds of the southern stratospheric jet. These waves
appear to come from sources far to the north during August 2010. This phenomenon
has been predicted by recent high-resolution modelling studies (e.g. Watanabe et al.,
2008; Sato et al., 2009, 2012).

Our results, in the context of other studies, suggest that the long leeward region
of increased E, is the result of waves from a number of overlapping orographic and
non-orographic wave sources.

Large mean E, values observed immediately downwind of the southern Andes and
Antarctic Peninsula are attributed to an increased number of rare, large amplitude
mountain waves that have propagated downwind via the meachanism described by
Sato et al. (2012). The remaining distribution is likely the result of waves from a va-
riety of non-orographic sources such as storms in and around the Southern Ocean
(Hendricks et al., 2014; Preusse et al., 2014) and spontaneous adjustment mecha-
nisms around the edge of the southern stratospheric jet (Fritts and Alexander, 2003;
Hei et al., 2008).

We also describe a method for the estimation of k, from closely spaced pairs
of COSMIC profiles during the deployment phase of the constellation in July—
August 2006. We show that, given sufficient sampling density, estimations of gravity
wave momentum flux in the region around the southern Andes and Antarctic Peninsula
can be retrieved from COSMIC GPS-RO. These measurements are broadly consistent
with results from CRISTA (Ern et al., 2004), HIRDLS (M. J. Alexander et al., 2008),
and Vorcore (Hertzog et al., 2008). In the coming years, the increased sampling den-
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sity offered by new GPS-RO missions may allow our approach to be temporally and
geographically expanded, potentially providing estimates of stratospheric gravity wave
momentum flux on a much wider scale.
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Figure 1. Polar stereographic projection of monthly-mean COSMIC sampling density for the
period 2007-2012 (a), and total number of occultaions per month for the period 2006—2012

(b). Each box in (a) represents an equal area of approximately 550 km?. Alternating years in
(b) are shown by black and gray bars.
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Figure 3. Normalised monthly-mean meridional cross-section of £, in August 2010 over the
southern Andes and Antarctic Peninsula (top panel) and maximum topography height (bottom
panel) in a +5° slice centred on 65° W. Monthly-mean zonal-mean winds from ECMWF opera-
tional analyses are shown by thick contours in the top panel, at intervals of 10 ms~"'. Note the
E, has been normalised at each height level to highlight the vertical structure.
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50° S. Monthly mean zonal mean winds from ECMWF operational analyses are shown by thick
contours in the top panel, at intervals of 10ms™"'. Note the E, has been normalised at each
height level to highlight the vertical structure.
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Figure 5. Processing chain for wave identification in a COSMIC profile at 23:19UTC on 1
August 2010 at 53° S, 50° W. Panels show (a) raw temperature profile (black solid) and filtered
background temperature profile (red dashed), (b) temperature perturbation profile (black solid)
and Gaussian window centred on 30 km (blue dashed), (c¢) root-sum-square normalised and
windowed perturbation profile, (d) squared covariance spectrum of the CWT of the profile in
(c). For details, see text.
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Figure 6. Transmission against vertical wavelength for each step in our Wave-ID processing
for synthetic waves with 1, < 22km centred at 30 km altitude: background subtraction (blue
dashed); noise reduction (green dashed); Gaussian windowing and CWT (orange dashed);
and the combined transmission (black solid). Blue bars show a histogram (right axis) of number
of waves identified in COSMIC data in the region 35-75° S 0—90° W during June—August 2006—
2012 using this method.
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65° S used in Fig. 9.
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Figure 10. Orthographic projections of vertical wavelength 1., horizontal wavelength 1,, and
momentum flux (MF) for COSMIC (a-c) and HIRDLS (d—f) at 30 km (~ 10 hPa) during June—

August 2006. Printer-friendly Version
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